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A potential energy curve for thé’ 2H9,1,2 state of | is constructed based on femtosecond

photoelectron spectroscopy of the A 2H9,1,2<—§( 23 " transition at 780 nm. The experiment is
sensitive to the slope of the repulsive potential wall, the well depth, equilibrium bond length, and the

long-range attractive portion of the upper state potential. ﬁhéﬂg,m potential is fit to a
piecewise potential which is flexible in each of these regions. Simulations of the spectrum using a

previously determined Morse potential for tKé3. | state of ) [J. Chem. Physl07, 7613(1997)]

yields a well depthD,) of 0.017+0.010 eV for theA’ 2Hg,1,2 state with an equilibrium bond length
(Re) of 6.2+0.6 A. These values differ significantly from previous semiempirical results1989
American Institute of Physic§S0021-96069)00207-X]

I. INTRODUCTION The anion and neutral states potentials relevant to our
3-10 experiment are shown in Fig. 1. Most of the neutgadtates

Photodissociation of iodine in cluster$Jiquids*~*°and : 5
matriced™2has for many years been a model system for thdVNich correlate to RP32) +1(*P3) products are well
characterized®-%%as is the ground state of the aniorgav-

study of caging, recombination, and vibrational relaxation. In, ) . . .
I,, the analogous negative ion system, the effect of muchn9 the excited anion surface the most uncertain. There exist
stronger solvent/solute interactions on these processes hggveral preymusly reported empirical aaul initio potentials
been explored in size-selected clusters GRAF), %4 for the excited states of, | Chen and Wentworth have pub-
1, (CO,),, 131517 |-(0CS,,*® and in severaln,polar lished semiempirical potentials based on a wide range of
2 A% 2 n’ experimental data including electronic spectroscopy in crys-

tals and gas phase dissociative attachment experirffents.
studied in liquid€2-2* The interpretation and theoretical Since their original publication in 1985, they have twice up-

modeling of all of these experiments, however, relies at leasfated the po'gezr;tials for these states using more recent experi-
in part on accurate ground and excited state potential enerﬁ?ental dat&.' The potentials remain largely uncertain,
curves for 5. We have recently reported an accurate ground'©WEVer. since they are composed of at most four experi-

state potential forJ,25 but the available empirical excited Mental parameters.

state potentials are at best approximately coR®&EIn this Severalab initio studies have also been performed on

— . 37
study, we apply femtosecond photoelectron spectroscople: These include valence bond methods by Taskel,

(FPES to the photodissociation of | and simulate our ex- Self-consistent field (SCH  calculations by Bowmaker

perimental results using an improved quantum mechanic&it &l an% relativistic core potentials by Shaik and

simulation method. The experimental results are of considei€o-workers™® These studies are complicated, however, be-

ably higher quality than those reported by us previodgly. ca@use of the large number of electrons and strong spin—orbit

The new results in conjunction with the simulations enable€©UPIing in k. Spin-orbit effects were explicitly included in

us to generate the first quantitative potential for the? mult!rerence conflguratlgn interaction c_alculauon of the |

5 (R’ 2Hg 1) excited state., potenngls by M?‘leem al. .These pgtgpuals have been re-
The FPES experiment involves photoexcitation of | cently improved ) by scahng _thgab Initio curves to repro-

from its groundX 2S¢ state to the dissociativa’ 201, 1 duce the experimental equilibrium bond length and well

state with a femtosecond pump pulse at 780 nm. The photoqepth for theX_ 2, state;” while maintaining theab Initio
spacings. The resulting potential for the

electron spectrum of the dissociating molecule is measuregpeirgz )
at a series of delay times by photodetachment with a femtolz (A" “Ilg12) state has a shallow well at long internuclear

second probe pulse. The variation of the photoelectron spedistance,De=19.5meV _a”dRe:6'8A' Simulation®’ on
trum with delay time monitors the dissociating anion from the scaled potentials yield reasonable agreement with our

. . 29 . .
the initial Franck—Condon region of excitation out to the ©riginal FPES study of,],” particularly at early time delays.

solventst®2! The vibrational relaxation of ;1 photofrag-
ments created by the photodissociation ofhlas also been

asymptotic product channel of #1. Hence one can, inprin- ~_We have previously reported on thg A" M1 1
ciple, probe the excited state potential over the entire reac—X 2% photodissociation at 780 nm studied with FPES.
tion coordinate. Since then, the experimental resolution has been improved
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molecular beam axis. After passing through several differen-

6.0 tially pumped regions, the ions enter the detector chamber
|+ |* where they are dissociated with the pump laser pulse and

s.of detached with the probe laser pulse. The ions are monitored
| + | with a retractable, in-line microchannel plate detector. High

4.0t electron collection efficiency is achieved with a “magnetic

bottle” time-of-flight analyze}’ whose energy resolution has
Probe (260nm) ] peen_ optimized using a pulsed deceler”étégrapplied to the _
ions just prior to photodetachment. The instrument resolution

3.0

Energy / eV

2.0p . is determined by photodetachment of with 390 and 260
Pump (780 nm) AT, [ +] nm light. This produce; three atorr_1ic peaks at Q.12., 0.77, and
10f 1.71 eV whose widths increase with electron kinetic energy.
Xz, Their widths are 20, 50, and 76 meV, respectively. These
%95 3.0 20 5.0 6.0 three peaks are used to convolute the simulated FPES spectra
Internuclear distance / A as described in Sec. IVB.

The pump and probe laser pulses are obtained from a
Clark-MXR regeneratively amplified Ti:Sapphire laser sys-
tem, which generates pulses at 780 (69 eV} with 1 mJ
energy and 80 fs (se®hwidth. About 150uJ of this is used
as the pump pulse. The probe pulse is generated by
frequency-tripling the remainder of the 780 nm fundamental,

by more than a factor of 3. In addition, our ability to simulate Producing pulses at 260 nif.77 eVj, with 20 uJ energy,

the spectra has improved significantly for several reasongind 130 fs width(the latter measured by difference fre-
First, we now have a more accurate poteflidbr the  duency mixing with the fundamental Ilghfl'he rel'atlve de—'
ground state ofj than was available at the time of the origi- 12y between the pump and probe pulses is adjusted with a
nal study. Secondly, the quantum mechanical simulatioffOmMputer contr(_)lled tra_nslatlon stage, and the beams are col-
method originally used was extremely time-consuming, andinearly recombined prior to entering the vacuum chamber.
the simulations performed included photodetachment transil € Probe pulse has enough energy to detach tipedducts
tions to only three of the 20 neutral électronic states that @S Well as ground state, | which produces a background
correlate to 18P3,) + 1(2Ps),) and I@Py,) +1* (2Py,,) prod- ~ SPectrum. By passing the pump beam through a 250 Hz
ucts, namely, théd/ 3Ty, "Asnlu' and B’ 3M1,-, states. chopper(New Focus, 3501 shot-to-shot subtraction of the

The improved quantum mechanical simulation method dePackground photoelectron signal is performed. The back-

scribed in our accompanying pafibis considerably more ground signal is also integrated and used to normalize differ-

efficient, and the simulations reported here incorporate pho(—ent scans.

todetachment to all 20 relevant states pfRinally, we have

FIG. 1. Potential energy curves for theand I, electronic states relevant to
the discussioriRefs. 25, 3036, 530nly theX '3, A’ °TI,,, A %Iy,
andB %11, states of  are labeled. The 260 nm probe is shown detaching
the ground and excited state potentials Of |

The vacuum chamber window affects the individual
Xpulse widths and the relative delay between the pump and

developed an empirical functional form to reproduce our e . !
P D P probe pulses. To characterize the pulses and determine the

perimental resolution, and thus more faithfully convolute our i inside the chamber. t | b threshold
simulations for comparison with experiment. These improveZ€0-0!-liMe€ Inside the chamber, two-color above-thrésho

; 0
ments in the experiment and analysis result in a definitivedetaChment of lis used T_he probe pulse alone produces a

o =2 photoelectron spectrum with two peaks at 0.77 and 1.71 eV.
characterization of the, (A’ I 1)) state.

When the pump and probe pulses are temporally overlapped,
additional peaks are observed that correspond to shifting the
Il. EXPERIMENT I~ peaks by 1.59 eV towards higher eKE; i.e. the photon
energy of the pump pulse. From the intensity of this two-

The FPES experiment consists of two major compo . X
lor signal as a function of pump—probe delay, we deter-

nents; a negative ion photoelectron spectrometer and a hi

repetition rate femtosecond laser. Each has been described he the zero-delay tlme_ apd the cross-correlation of the_:
detail elsewhere and will be discussed only brieflypurnp and probe pulses inside the vacuum chamber. This

below7:25 yields a convoluted FWHM of 175 fs.

The photoelectron spectrometer has been optimized to
be compatible with the high laser repetition r&®0 Hz in . RESULTS
these experimentsand the low photoelectron signal ex-
pected for a two-photon pump-and-probe experiment. Argon  Figure 2 (solid) shows successive femtosecond photo-
carrier gaqg10 psig is passed over crystalling &nd super- electron spectra, plotted as a function of electron kinetic en-
sonically expanded through a pulsed piezoelectric valve opergy, and taken at increasingly larger pump—probe delay
erating at a repetition rate of 500 HZAnions are generated times. Also included in Fig. Zdotted and dashechre the
by a 1 keV electron beam which crosses the expansion jusimulated spectra, which will be discussed in Sec. IV. At the
downstream of the nozzle, and are injected into a Wiley-bottom of the figure, the experimental background spectrum
McLaren time-of-flight mass spectroméferby applying — arising from detachment of ground statg by the probe
pulsed extraction and acceleration fields perpendicular to thpulse is shown, and the peaks labeled A, B, and C in the
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FIG. 2. Experimental femtosecond photoelectron spectrum taken at vario
pump—probe delay time&solid). The background spectrum from detach-
ment of ground state, |by the 260 nm probe pulse is also shotottom.
The peaks labeled A, B, and C result from detachment toAR&I,,,
A'3I0,,, andX '3/ states of §, respectively. Simulated spectra used to

ChalraCte”fle ;h_e_g}(l' 2“94/2? gtate (daShelm a”hd simulations used 10 ranroduceable to within=10 fs, and is considered our ex-
te t t tent tt . . " - .
evaluate theab initio potentials(dotted are also shown perimental error. The half-maximum height observed here is
approximately 50 fs longer than our previously reported
. ~ results?® This is again a result of our improved energy reso-
background s~pect£um are due to transitions _tOA“EIlL{' lution which enables us to separate better the atomic and
A’ ®I1,,, andX '3 states of neutral) respectively> This  transient contributions to the spectra.
spectrum has been suitably scaled and subtracted from each
of the two-photon spectra to remove the effects of ground
state depletion by the pump pulse. Hence, these spectra /- ANALYSIS AND DISCUSSION
flect only the dyqamips induced by. tht_a pump pulse. In this section we develop anz—@r ZHg 1, excited
The spectra in Fig. 2 are qualitatively similar to lower giate potential that is accurate to within our experimental
energy resolution spectra reported previously. In Fig. 2, on@ror py simulating the FPES spectra above 1.6 eV. To this
observes two broad features shifting toward lower energy agng, we first explain the analytical potential used in the simu-
the delay time increases and evolving by 320 fs into WOiions, and our method of convoluting the simulated spectra.
narrow peaks centered at 0.76 and 1.70 eV. Previously, thene simulations are then compared to experiment, error bars
two narrow features were assigned to transitions fromthe | 5, the potential are estimated, and a comparison is made to

2 - .
photoproduct to théPy, and“Ps), states of iodine, respec- peyiously reported potentials. Finally, the complete FPES
tively, and the broad transients at earlier times were assigned

to detachment of the dissociating wave packet on the
15 (A" 211, 1,,) potential energy curve.

However, while the atomic features reach their maxi-
mum height by 320 fs, they undergo a 10 meV shift to higher
kinetic energies over the next 400 fs, which actually brings
them into better agreement with the atomic transitions forg
free I” (which appear at 0.77 and 1.71 eVrhis shift is
shown in Fig. 3, where higher energy atomic features areg

YSI1G. 3. Expanded view of the atomic2Ra,)«— |~ (1S) feature at 1.71 eV.
The experimental specti@olid) shifts ~10 meV to higher energies from
320 to 720 fs. The simulated spectdashed closely follows this trend.
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shift is continuous and smooth over this time interval, and’

was not observed before in our earlier study gn most

likely due to our poorer electron energy resolution. As will

be discussed below, the shift arises from the excited stat

wave packet traversing the long-range attractive portion of . )

the |, potential. %150 0 100 200 300 400
Since 1.71 eV corresponds to photodetac_hment*of I Delay time / fs

products, a cut through the FPES spectra at this energy pro-

vides a measure of Iproduction as a function of time. This FIG. 4. Intensity at 1.71 eV plotted as a function of delay time, monitoring

; ; ; ; 3 ; ; ; the appearance of Iproducts. The experimental intensisolid) reaches its

is shown in Fig. 4(SO|Id). The hal,f maximum helght IS alf-maximum height by 180 fs and its full height by 320 fs. Risetimes for

reached by 180 fs, and the 'fu” he'Q_ht at 3_20 'fs_ Rep'eate' e best-fit potentia(dashed, error-limit potentials(dotted, and the Chen

measurements of the experiment give a risetime which iand Wentworth potentiaRef. 26 (dotted—dashedare also shown.
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spectra are simulated using all 20 neutral potentials, and thie the simulations presented throughout the rest of this re-
accuracy of currentylab initio potentials is commented on. port, these three parameters are held fixed and only the re-
maining parameters are varied to fit the FPES spectra.

A. Analytical form of the | 2T(,Z\’ 2Hgyl,z) state

The FPES spectra are sensitive to three parts of the P convolution routine
tential, listed in order of increasing internuclear distar{de: '
the FC region, where the potential is repulsi®,the region Because we have found that the risetime of tH&®4(,)
in the vicinity of the attractive well, the existence of which is spectra at 1.71 eVFig. 4) is very sensitive to the resolution
supported by the results in Fig. 3, a8 the long-range of our spectromete?” it is important to perform accurate
attractive region. To effectively simulate the FPES spectra, &onvolutions of the simulated spectrum with the experimen-
potential is needed which can be easily modified in theséal resolution function. Previously an analytical form for the
three areas. We have chosen Morse potentials to represeganvolution function was used which had been derived based
the first two regions, while the long-range attractive region ison the expected energy resolution of the magnetic bottle ana-
represented by a function which includes the charge-inducetyzer and the angular distribution of ejected electrhidere
dipole (r—#) and charge-induced quadrupole and dispersioran improved procedure is employed, in which the simula-
(r~% terms. Two switching functions are used for transi-tions are convoluted with an empirical resolution function
tions between regions. The analytical form for the entire po-derived from the photoelectron spectrum of |
tential is given in Eqs(1) and(2), The standard convolution formula is used,

V(r)=2DYexd —BY(r—r)]+Dlexd —28%r—rt *
(N=20cext=frortPeexd =2651] g (o= [ 1B)-o(e-E)0E @
=vq(r), 0<r=<r, o

whereg(e) is the simulated spectrum arf@E) is the con-

=sfi(Duy(N+[1=sfi(]va(r), ri<r=<r, volution function. In our routinef(E) assumes the experi-

:2D§exp[—,Bz(r—ré)]+D§exp:—2,82(r mental I features at their respective electron energies of
) 0.12, 0.77, and 1.71 eV; the first peak is obtained at a de-
—re)]=va(r), ro<rs=rj tachment wavelength of 390 nm, and the second two at 260

nm. At other electron energies, the convolution function is
computed by interpolatiofor extrapolation of the two near-
:_34/(D§r4)_BG/(Dng)E%(r), ra<r<o, est experimental 1 features. This guarantees that at long
times, when the experimental spectrum only consists of
(1) atomic features, the simulated and experimental spectra will
where match. It also helps ensure that the risetime of théehture
1 at 1.71 eV is accurately modeled with the current experimen-
sfn(r)=§<cos—_n+1 . 2 tal resolution. However, the procedure implicitly assumes
n+1~In that at all time delays the angular distribution is the same as
sf,(r) are the switching functions connecting the three funcfor I~ photodetachment. The effect of the angular distribu-
tionsv,(r). D2, ra, andB" are the well depth, equilibrium tion on the photoelectron spectra diminishes when the ion
bond length, and beta parameter for each of the two Morse
potentials.B, and Bg are the charge-induced dipole and
charge-induced quadrupole and dispersion terms, respec-
tively, approximated with the parameters for Xet' The
parameters , in the two switching functions are chosen so ©
thatv(r), vo(r), andvs(r) describe the three regions of the =
potential defined above.
The FC region is centered aroufi=3.205A, i.e.,R.
for the |, X 23! state?® The potential in this region, along
with the ground state wave function and photon energy, de-
termines the initial wave function created on the excited state
potential. To fit the potential in the FC region, we have simu-
lated the photodissociation cross-section measurement cat
ried out by Papanikolast al® on gas phasg 1 Their results
are shown by the solid line in Fig. 5. Using a wave packet
propagation code described earfiérand assuming a tem-
perature of 100 K for the,],%° the cross section was simu- 007713 16 17 18
lated. Only the three parameters which determip@) were Photon energy / eV
adjusted to reproduce the maximum and width of the CI’OSI'EIG. 5. Photodestruction cross-section measureifieett 15 (solid circles

section, and th_e results are presented in.Fi@Eid'SheOi This ~ and simulations using the best-fit potenti@hshegiand the Chen and Went-
produces a reliable excited state potential in the FC regiorworth potential(Ref. 26 (dotted—dashed

=sfa(rva(r) +[1=sfy(r)Jvs(r), rsg<rs=ry

w(r—ry)

6.0

cm

7

4.0

20t

Photodestruction Cross-Section / 10
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of neutral L, which correlate to RP,) +1(2P3,) products,

0.20 fr——ry : . . . . . .
i “-.\‘:‘ ror seven of which have been characterized experimentally; the
\ Wl XU ~ ~ ~ ~ ~ -
Lo > 08 %Y Xlgg’ A *llgy, Ay, B BHOJ' B1,, @°Ml,g, and
015p1 3 0 \\ N 1 thed’ 32;(0+) states®*®Fromab initio work,>*>*the 311,
3 [ £ ’ ‘-\‘A\\"\ andE\31'[1g states are predicted to be nearly degenerate, as
~ ! S 0. N \.,\ 3% — 3 : =/ 3%
5 a0l | g 4 N _ are the EU(O_) anq A, states with théa §g(lo+) state.
% ‘ i 3 02 ' Hence, we approximate these three experimentally undeter-
© "\ A _ mined states by their degenerate counterparts.
€ v YA 00 R . i
£ oosl \%, 9B 5 5 75 24 Several of these neutral stf\tgs are not accgssmle by one
o (NN Internuclear distance / A electron detachment from thg (A’ ?I1,,,,) excited state.
Y However, as discussed by Faeder and Patidhe large
000l RSN spin—orbit coupling of iodine mixes the electronic configu-
T o—na : rations to such an extent that only transitions to th¥ ’rE;
35 45 5.5 6.5 75 state are predicted to be forbidden. Thus, equal weightings

Internuclear distance / A are assumed for transitions to all neutral states except the
b/ 1 + . . .
FIG. 6. Comparison of our potenti&iashed with estimated error limits X 2g state, for which the detachment cross section is set to
(dotted to the Chen and Wentworth potentidRef. 26 (dotted—dashed Zero.
and ab initio potential (Refs. 40—42 (double dotted—dashgdinset shows Comparison of the simulated and experimental data in
the FC region of the potentials. Fi .
ig. 2 (dashedl shows excellent agreement. The high energy
features from 1.8 to 2.3 eV match the experiment well, and

beam is slowed down, as was the case R&féand plays a the rise of the T feature at 1.70 eV is followed closely. The

much smaller role in this report than in our original study. mtensny at 1.75 eV is slightly underrgpresented ‘_"‘t delay
times of 170, 220, and 270 fs. Comparison of the simulated

risetime to experiment shows that the half-maximum height
With the first three parameters fixed to reproduce thdS reproduced at 180 fs, although the slope is not as steep
photodestruction cross section, the other ten parameters welfeld- 4, dashed This may be due to the simulated pulse-
varied and the FPES spectra simulated. In our companioWidths being slightly too long in duration. Finally, a com-
paper** we discuss the exact method for simulating the specParison of the energy shift observed between 420-700 fs is
tra. In this paper, we concentrate only on the results of thesghown in Fig. 3(dashegl At 420 fs the simulated spectra is
simulations. In addition, for the purpose of determining anapproximately 2 meV higher in energy than experiment, and
accurate J (A’ 211, 1,,) excited state potential, only the spec- SMOthly shifts to 1.71 eV over the next 300 fs.
trum from 1.6 eV and above was modelé&dg. 2, solid These results represent a significant improvement over
This region of the spectrum corresponds to detachment to trfeHl Previous study of ;| phOtOQ'SSO‘?'at'Oﬁ- As has been
neutral potentials which correlate t#Rs) + I(2P,) prod-  found by Fae_der and I?arsﬁ?\mclusm_)n of the adt;iltlor)al
ucts. These potentials are considerably better characterizétgutral potentials helps improve the fit to the transient inten-
than the potentials correlating to2Ra,) +1* (2Py,,) prod- sities. We find that this does indeed improve the agreement,
ucts. especially at energies above 1.8 eV, although modification of
Simulations from the optimized, (A’ 2IT,,,,) potential ~ the L (A’ *Ilg,p) potential itself was the largest factor in
are shown in Fig. Zdashed, superimposed on the experi- improving the fits. S _
mental spectrum. The potential itself is shown in Fig. 6  Several assumptions are implicit in our calculations.
(dashed] and its parameters are given in Table I. For theFirst, the oscillator strengths for transitions from the
purpose of determining th%‘(A' 2Hg’l,z) excited state, the 15 (A’ 2Hg,1/z) aniop to the n_eutral states are unknown. From
simulations include photodetachment to the lowest 10 stateie study of Asmiset al,> it was found that detachment

from the ground X*% state of } to the B °Ilo- and

C. Simulated FPES spectra above 1.7 eV

Bl H 1 H
TABLE |. Spectroscopic constants for thg(ﬁ’ 2l'Igyl,z) potential in Egs. B H” states Ofi 1S Only 3 as Intense as detachment to the

(1) and (). A’ 3II,, and A ®II,, states. When using their weights for
T "R photodetachment from thg_q"A’ 21'[@1,2) state, however, the
w0 rDefzoéOolO}é oV shln) :1;31.‘21)& transient intensities are not as well represented as when all
ﬁfzo_'787 AL 2 oscillator strengths are assumed to be the same. In fact, for a
) proper fit of the photoelectron spectra, transitions to the
v2(r) E;;_Oéozlg(ﬁ/ sta(r) :ig'gﬁ a°%[1,4 and®Il,, states must be included, even though these
,826=_0..663 Al o states are normally forbidden, lending support to the conclu-
sion of Faeder and ParsBrthat the one-electron transition

v5(r) B,=28.977eVR . N .
B.— 365.448 eV & rule is relaxed by the strong spin—orbit coupling. We have

also individually varied the relative weightings of all the
3Reference 51. states, and found that the risetirfleig. 4) is insensitive to
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TABLE Il. Comparison ofD, and R, with previously reported potentials.

Current Chen and Dojahn Chen
work ab initic® Wentworth  etal® etald
> R. (R) 6.2+0.6 6.8 4.83 4626  4.70
o D¢ (eV) 0.017+0.010 0.0195 0.01 0.08 0.057
>
5’ *References 40-42.
g bReference 26.
o] ‘Reference 27.
= YReference 28.
° ‘Reported value i©,=0.056 eV.D, determined by adding 0.001 eV zero
o point energy.
0.3
0.3) s . : s . From the simulations, this corresponds to an internuclear dis-
5 3.5 4.5 55 6.5 7.5

tance of about 11 A.

In order to estimate the error in our potential, the FPES
FIG. 7. Simulated wave functions corresponding to the experimental spectrapectra were simulated for two additional potential surfaces
delily times. The wave function does not fully reach the bottom of thewith slightly more repulsive and attractive potentials. These
I2 (A" 211y 10) well until 270 fs. potentials are shown in Fig.@lotted, along with the best-fit
potential described abov@ashegl All three potentials are
identical in the FC region of the potentidig. 6, inset. The
simulated FPES spectra are not shown, but the risetimes at

the individual weights. In fact, except for ti@ 33 . . .

lal weights. n P 90") 171 eV are compared in Fig. &otted to the best-fit
state, the individual risetimes of all the neutral states “e(dasheaj and experimental risetimeolid). The potential
within =10 fs of one another. Thus, the risetime is almost P ' P

i . . with the steeper slope fdR<R, produces a faster risetime
solely determined by the anion potential, at least for reason- ; :
X ecause the wave packet reaches the asymptotic region more
ably well characterized neutral states.

The second important assumption is that the photoder_apldly. Conversely, the potential with the shallower slope

" . . q(esults in slower dissociation and a slower risetime. Al-
tachment transition dipole moments are independent o . . ; :
though these two potentials do not fit the experimental rise-

nuclear coordinates. This is certainly not correct, althougq. . ! )
. imes as well, they are not necessarily bad fits. We believe
we have no means for calculating these moments. Howeve

this approximation should only affect the relative intensity{hey represent reasonable error limits in our determination of

between the transient features above 1.8 eV and tHea-  the b(A’ *Il) state, and are used to estimate error bars
ture at 1.71 eV: the risetime should again remain unaffected®’ the parameters listed in Table II.

Further insight into the photoelectron spectra can be
gained by examining the time-dependence of the excite®. Comparison with previous potentials
state anion wave funct.ion, which is glso calculated as part of Table Il compares our well depth and equilibrium bond
the quantum mechamcql propagation metﬁ”o&hown N length to the three semiempirical potentials proposed by
Fig. 7 are the wave functions at the experimental delay timeg, o\ 1 Wentwort?f~2% and theab initio potential by
superimposed on the anion and neutral potential energy sufaasienet al® As was the case in our previous determina-

faces. At 20 fs pump—probe delay, the wave packet mostly. < . .
resides in the FC region. At this time delay, detachment 0¥|on of the | (X ?2,) ground state potentidf, the original

the wave packet produces a broad spectrum because of t
large splittings between the neutral potential energy curvednatches our parameters more closely than the later two
The spectrum is also centered at higher electron energi&Otent'alsz' " As is seen in Fig. Gdotted—dashed how-
than at longer times because the vertical detachment energi€¥€l» €ven the original potential lies well outside our limits

are lower, on the average. At 170 fs, the breadth of the spe(,o-f error. It has a comparat_JIe well depth,.but the well !tself is
tra is almost entirely due to the slope of the anion potentia/ocated at much smaller internuclear distances, which pro-

since the neutral potentials have nearly reached thefluces a repulsive wall that is considerably steeper than pre-
asymptotic values. The transient intensity in the simulatedicted by our simulations. o

spectra does not disappear, however, until about 270 fs at AS an indication of the sensitivity of our spectra to the
which point the wave packet resides in the region of theshape of the eXC|ted~state potential, we have simulated the
shallow anion potential well. At this internuclear distance thespectra using our,(X?X ) ground state and Chen and
neutral potentials are all within 4 meV of their asymptotic Wentworth’s E('A’ 2Hgyl,2) excited state potential from
energies. The anion potential, however, is 17 meV lowerl985%° Figure 8 compares the simulatiogashedl to ex-
than its asymptotic energy. Thus, the shift to higher energieperiment(solid). Note that the transient intensity above 1.8
over the next 400 fs is due to the wave packet moving out o€V is almost completely missing, even at 20 fs delay time,
the anion potential well. By 700 fs, the experimental spec-and the atomic feature forms much too early. Indeed, the
trum no longer shifts with time, and the effect of attractive simulated risetime occurs 70 fs faster than the experiment
interactions on the anion potential has become insignificani{Fig. 4, dotted—dashedand the atomic feature rises directly

Internuclear distance / A

A’ 2Hg,1/z) semiempirical potential publish&tin 1985
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although their integrated intensity has been reduced by a
factor of ~2 to reproduce the intensity of the?R,,,) —I1~
transition at 0.77 eV. The agreement is far from perfect,
however, for the formation of thef (?P,,,) peak. Except for

the contribution of theB 3I1,-, state(which extends up to

1.5 eV, but at intensities too low to observe in Fig, the

simulations produce transient features from 0.6 to 0.9 eV,

with no dominant features. The experiment, however, has

intensity up to 1.0 eV, which indicates that the neutral states

are at least 100 meV too high in energy at the FC region. In

addition, sharp features at 0.85 and 0.95 eV are seen in the

experiment at-30 fs; although similar in appearance to the

background peaks labeled A and B in Fig. 2, these features

OO T E NS TR 2T BE 23 are true transients and not artifacts of background subtrac-
Electron kinetic energy / eV tion. Each sharp feature arises from detachment to one or

FIG. 8. Comparison of the experimental spectsalid) to simulations more neutral states, largely Sep(_:lrated fr_om aqjacem gtates.

(dashedl using the Chen and Wentworth potentiRlef. 26. The absence of these features in the simulations indicates

that the ab initio potential energy curves are too evenly
spaced in the FC region. Finally, the rise of thg2P,,,)

at 1.71 eV with no energy shift. These discrepancies indicatéeature is much faster than experiment, and the transient in-

that this potential is too repulsive at short internuclear distensity is too small, both suggesting that thestates are

tances and not attractive enough at long internuclear dis‘too parallel” to the |2—(A’ 21‘[9,1,2) state.

tances, both consequencesRyf being too small. We have

also calculated the photodestruction cross section using this

potential and find it to be much too wid€ig. 5, dotted— V. CONCLUSION

dashed showing that the potential is too steep in the FC The feasibility of using f d oh |
region. It seems unlikely that a single Morse potential for the e feasibility of using femtosecond photoelectron spec-

1= (A’ 211 tate will suffice to fit all th . tal troscopy to determine excited anion state potentials is dem-
2 ( 0.172) state-will suthice to it all the expenmental ,\sirated. The first guantitative excited state potential for the
data now available.

The well depth and internuclear distance for &teinitio I.E(A’ 2H.9~1’2) _excited stfe\te of;.is repprted, which has been
potentiaf®=2 are in remarkably good agreement with our fit to a piecewise potential by simulation of the spectra. Care-

results (Fig. 6, double dotted—dashedts well depthD, fuldconsideraéilon has Ik_’e_e” givenk;co the agcura(ljcyv\?f (f)_u:jfi';
=19.5meV and equilibrium internuclear distanci, and reasonable error limits have been assigned. We find the

—6.8A lie within our estimated error bars. At smaller inter- Potential contains a shallow well located at large internuclear
distances, in qualitative agreement with a recebtinitio
calculation but not with previously proposed semiempirical
potentials. Comparison of the spectra to calculated wave
functions reveals FPES to be sensitive to the repulsive wall,
e potential well, and the long-range attractive portions of
the potential. The accuracy of curreati initio potentials for
the I(3P3),) + 1* (?Py;,) manifold is also assessed. The exten-
) _ _ sion of this type of analysis to higher dimensional systems,
E. Simulation of the entire FPES spectrum and to systems with a larger excited state wells are being

With the determination of a reliablg (A’ °I1,,,) state, nvestigated.
the entire FPES spectra can now be simulated by including
the remaining 10 neutral states correlating tcPY,,)
+1* (2P, products. Very little is known about these states;'A‘CKI\IOWLEDG'vIENTS
only the B3II,-, has been spectroscopically determiried. D.M.N. acknowledges support from the National Sci-
Information on the other states comes from relativigtic ~ ence Foundation under Grant No. CHE-9710243 and from
initio calculations by Liet al,*® Teichteil et al.>® and de the Defense University Research Instrumentation Program
Jonget al>* By simulating the region of the FPES spectraunder Grant No. F49620-95-0078. W.H.M. acknowledges
corresponding to these statg@®. at electron energies below support from the National Science Foundation under Grant
1.6 eV) and comparing with experiment, the accuracy of theNo. CHE-9732758, from the Director, Office of Energy Re-
ab initio potentials can be evaluated. search, Office of Basic Energy Sciences, Chemical Sciences
Following the procedure described above, the entire phobivision of the U.S. Department of Energy under Contract
toelectron spectrum was simulated using the potentials caNo. DE-AC03-76SF00098, and from the Laboratory Di-
culated by de Jongt al>* (Fig. 2, dotted and those used rected Research and DevelopménDRD) project from the
above (Fig. 2, dashed Transitions to all states in the National Energy Research Scientific Computing Center
I(?P5) +1* (P, manifold have been equally weighted, (NERSQ, Lawrence Berkeley National Laboratory. The au-
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nuclear distances, however, thé initio potential diverges
from ours, and is~300 meV too high in energy at the FC
region(Fig. 6, insel. This seems to indicate that thb initio
methods are reliable in predicting long-range electrostatic in
teractions, and may be expected to accurately represent t
excited state wells of other diatomic anions.
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